G
raphene's exceptional charge transport properties qualify it as a promising candidate for future electronic devices. 1À3 To reach this goal, the electronic properties must be engineered to meet device demands such as specific charge carrier mobilities, specific charge carrier densities, or engineered band gaps. Adatoms and defects have been reported to be a powerful tool to manipulate such properties. 4À13 A variety of dopants have been suggested, ranging from ozone to fluorine. 14, 15 The comparison of electronic properties of doped graphene to those of undoped graphene fabricated by the same method has not been reported yet. However, if graphene with and without dopants is produced by different fabrication routes, differences in the transport properties cannot be unambiguously attributed soley to the dopants. It is well-known that graphene, produced by different methods, may exhibit very different charge transport properties. Samples produced by mechanical exfoliation, chemical vapor deposition (CVD) etc. show different charge carrier densities and different mobilities resulting from the different growth and handling protocols. 16 Consequently only a combined study with nominally identically fabricated and handled graphene samples with and without nitrogen doping allows one to determine the pure effect of nitrogen and check if this dopant can provide the required tailoring of the electronic properties. Furthermore, up to now adatoms were generally induced using laboratory-based methods which do not allow for any upscaling, neither of the sample dimensions nor of the sample production. The growth of graphene via CVD on the other hand, where impurity atoms are directly incorporated into the lattice with variable densities, offers an industrially compatible route to gain control over this manipulation process. 17, 18 Finally the charge transport in magnetic fields is expected to depend on doping as phase coherent transport and magnetoresistance effects are highly sensitive to scattering, and so far magnetotransport in samples with well-controlled doping has not been probed systematically.
In this paper we investigate CVD-grown graphene where carbon atoms are replaced by nitrogen atoms and compare it to pristine graphene fabricated by the same method. The doping leads to significantly altered electric transport properties. We observe a transition from positive to negative magnetoresistive behavior, without any sign of saturation, up to fields of 8 T. Measurements of the magnetoresistance, the sheet resistance, and Hall voltages are performed at variable temperatures down to 2.3 K and variable magnetic fields up to 8 T. We furthermore observe quantum transport at low temperatures with strongly reduced coherence times for doped graphene. Combined with the strongly modified mobility this allows us to gauge to what extent the dopants act as scattering centers and allow for tailoring of the charge carrier transport properties.
RESULTS AND DISCUSSION
The structural characterization of the graphene films is performed following their transfer from copper to Si/SiO 2 substrates. This provides an understanding of the effects of the transfer process on the material, such as the generation of ripples. Raman spectroscopy is a suitable tool for this purpose since, for instance, the number of layers can be deduced from the intensity ratio of the 2D peak and the G peak, 19À21 which is directly influenced by the charge carrier density in the sample. 22 A comparison of the Raman spectra for both doped and undoped samples is presented in Figure 1 . In the undoped case the 2D peak is nearly twice as high as the G peak. However, since the so-called defect peak at a wavelength of 1350 cm À1 shows a low intensity and the D 0 peak is missing, we can assume that there is no significant unintentional doping of the sample. The shape of the 2D peak on the other hand confirms the monolayer-structure of the sample as one Lorentzian function describes the Raman signal best, compared to a superposition of multiple Lorentzians, which would indicate a multilayer structure. 23À25 For the nitrogendoped sample, the intensity ratio of G and 2D modes I(2D)/I(G) of about 0.5 shows the effective doping with nitrogen. The D mode, which indicates different defects as adatoms, substitutes, and vacancies, is increased significantly as a consequence and the D 0 peak appears. 26 Finally the shape of the 2D band again allows us to conclude that a single layer structure is maintained after the transfer process without significant ripples or folding. Next we investigate the transport properties. The values for the charge carrier mobility μ and the charge carrier density n are derived from Hall measurements and are given by
where R H is the Hall constant derived from the slope of the Hall resistance as a function of the applied magnetic field, F s is the sheet resistance and e is the elementary charge. Before comparing the charge transport properties for the doped and undoped CVD graphene, we note that the SiO 2 substrate can affect the mobility and the charge carrier density of the observed devices, e.g., due to surface roughness or charge puddles. 27 . These nearly temperature-independent values are typical for good quality transferred graphene in line with what has previously been reported. 29À31 In case of the nitrogen-doped sample, at 279 K the mobility of (23 ( 4) cm 2 /(V s) is strongly reduced, whereas the charge carrier density of (39.25 ( 0.15) Â 10 12 cm
À2
, is strongly increased by more than a factor six compared to the undoped case. For the low-temperature measurement at 2.5 K the resulting values are (11 ( 3) cm 2 /(V s) and (22.00 ( 0.15) Â 10 12 cm À2 respectively. Those observations can be readily explained by the doping:
The modification of the graphene lattice with additional nitrogen atoms increases the charge carrier density significantly as each nitrogen atom provides an additional electron. Furthermore, these defects form additional scattering centers and decrease the mobility. Finally the temperature dependence of the charge carrier density and the mobility in the doped case ARTICLE compared to the undoped case point to the presence of a band gap created by the nitrogen dopants as previously predicted and observed for doped graphene. 17, 32, 33 Figure 2 shows the sheet resistance as a function of temperature. A clear exponential behavior can be seen over nearly the entire temperature range, which is typical for a semiconducting material. The resistivity in a strongly disordered, d-dimensional system is proportional to an exponential factor, which contains the activation temperature T 0 for electron transport:
This model adequately describes our observation if we assume a 2D system. In agreement with literature 14 we hereby confirm the 2D nature of the material. With the help of eq 2 we can extract T 0 = (105.8 ( 0.6) K and E 0 = (9.11 ( 0.05) meV, for the activation energy E 0 in nitrogen-doped graphene, which is also in line with the results found for ozone-treated graphene. 14 The magnetoresistance in nonmagnetic materials is a sensitive tool to study scattering, intrinsic time scales, and phase coherence of the charge transport. So to quantify the transport, we study the magnetoresistance (MR) defined as
where F sheet (B) is the sheet resistance at a given magnetic field B. For the undoped graphene a positive MR, see Figure 3a , is found with a small peak for the low-temperature measurement at fields smaller than 0.5 T. The positive high-field part of the MR at both 2.3 and 279 K is well described by the Lorentz magnetoresistance developed by M. Kohler:
with ω c the cyclotron frequency, τ the scattering time, and R = 2, in line with previous measurements 36 on pristine graphene on SiO 2 . The resulting fit is presented in Figure 3a ,b. Similar to the transport properties determined above, there is little change of the high-field MR with temperature, which is due to the nature of the massless charge carriers in undoped graphene. However, the small positive MR peak at low fields (<0.5 T) is visible only at low temperatures. This indicates the phase coherent transport phenomenon of weak localization, which is prominent only at low temperatures and which we discuss further below. Nitrogen-doped graphene exhibits a very different magnetoresistance signal with the opposite sign as shown in Figure 3c ,d. The negative magnetoresistance is detected at all observed fields and at temperatures of 279 and 2.6 K. Both the slope and magnitude of the MR increase at lower temperatures. At 279 K the sheet resistance at zero field is F sheet (0 T) = 7 kΩ, and we find a 4% decrease (MR) at 8 T. At 2.6 K the sheet resistance amounts to F sheet (0 T) = 36 kΩ with a much larger decrease of 38% (MR) at 8 T. This observation of negative MR and a strong temperature dependence shows, strikingly, that the nitrogen doping completely changes the nature of the transport.
The decrease at small fields can be attributed to weak localization as seen in the low temperature measurement of the undoped sample. Since this effect only occurs at low temperatures and saturates for magnetic fields <0.5 T, it cannot describe the data over the entire field range, and we discuss this effect further below.
To understand the negative MR at high fields that originates unambiguously from the doping, we compare our experimental data to different theories that model the MR.
The first approach to explain negative MR is the magnetic polaron model. 37, 38 Dopant atoms can lead to the formation of local magnetic moments. The interaction of these in combination with Mott range hopping results in different predictions for the MR, depending on the mechanism of interaction between the spins. 38 For our case of a continuous sheet carbonbased system with N dopants we can assume noninteracting spins. In this case, however, this model predicts an opposite temperature dependence to our experimental findings. In the unlikely case of interacting spins, further effects should emerge, such as a resistive hysteresis as a function of the magnetic field.
There is the possibility that due to the large charge carrier density, our sample might be either in the strong localization regime or in the transition between weak and strong localization, allowing several contributions to the MR, with both negative and positive sign. 15 Next we consider diffusive scattering at defects that should be highly enhanced by the nitrogen atoms that are distributed in the carbon lattice. 37, 39 The magnetic field applied perpendicularly to the sample 
Higher magnetic fields lead to smaller radii and thus to less scattering at defect boundaries, increasing the mean free path and decreasing the resistance. The resulting radius for the doped graphene sample measures a few μm at a magnetic field of 0.1 T.
The magnitude of the effect will increase with decreasing temperature, just as observed for our nitrogen-doped graphene sample. However, the theoretical calculations predict a magnetoresistance that depends on the square of the magnetic field, while we observe a roughly linear dependence of the MR at higher fields for both room temperature and low temperatures. 39, 41 While no single model explains our observation, the superposition of different mechanisms can lead to negative linear MR. Following the approach of Zhang et al. 41 weak localization and diffusive boundary scattering in a certain superposition may result in a linear, negative MR, where the weights of the superposition are temperature dependent. So such a superposition can describe our low temperature observation well. For the high temperature measurement, weak localization is not expected to contribute significantly, and as a consequence a linear MR combined with weak localization does not fit our data at 279 K. Altogether some of our data can be explained by the superposition of different effects. However, no theory is able to explain the low and high temperature regime calling for further work to describe a linear negative MR in a nitrogen-doped graphene system at all temperatures.
Finally we quantify the change in the charge transport with doping by analyzing the phase coherent transport at low temperatures and low fields. As already mentioned above, both low temperature MR signals exhibit a peak at small fields. As the signal is absent in the room temperature measurements (the MR flattens at 279 K when approaching small fields), this is a sign of quantum transport properties that is an established effect to determine transport properties quantitatively. We start with a basic model to describe weak localization, which allows one to easily understand the effect. Considering graphene as a 2D metal, one can describe the MR effect by
where
, and Ψ(z) is the digamma function. 43 This description of weak localization rests on only two parameters, the phase coherence time τ φ and the scattering time τ. The interplay between these two time scales leads to a reduction in the resistance for applied fields: the phase coherent transport is reduced due to applied fields as the field leads to an additional phase for charge carriers moving in the system which reduces the wave interference effect, thus leading to an increase of the resistivity at low fields. Note that this effect is most pronounced in low dimensional systems (such as graphene) where the charge carriers have . At low temperature the weak localization peak is clearly visible at zero field. Classical Lorentz magnetoresistance, according to eq 4 is fitted to the data (white lines). Graphs (c) and (d) show the same measurements for the doped case where the sign and the shape of the curves change compared to the pristine graphene.
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higher probabilities to intersect their own path as necessary for the interference effect to occur. As both time scales will be strongly temperature dependent, this effect is mostly only present at low temperatures. The expression ΔR(B) is defined by
Here F s (B) is the sheet resistance, and F fit (B) is a fit to the low temperature sheet resistance in order to subtract background events which do not originate from weak localization events. In the case of undoped graphene we fit the Lorentz Magnetoresistance given in eq 4, whereas for the doped sample a linear field dependence was used to estimate the background events in line with the models described above. We now fit our experimental curves for doped and undoped graphene using eq 6. As shown in Figure 4 we find excellent agreement between the observed field dependence and the model. For the undoped sample we obtain a phase coherence time τ φ = (0.33 ( 0.01) ps and a scattering time of τ = (0.03 ( 0.019) ps. In general these times are of the order of magnitude found for other graphene samples and a little lower for what is observed for high quality epitaxial graphene. 43 This can be attributed to the fact that the transfer of the graphene films to the substrate leads to some strain and interaction with the substrate. A reduction of the times thus can be caused by adatoms, interaction with the substrate and other small defects, which we can also identify in the Raman spectrum of the undoped sample.
In case of the nitrogen-doped device we find, τ φ = (7.10 ( 0.01) fs and τ = (6.30 ( 0.01) fs. This drastic orders of magnitude decrease in the phase coherence time, and the scattering time shows the dominating effect of the doping on the charge carrier transport. 14 We attribute the decrease of both phase coherence time and scattering time to the nitrogen defects, which form additional scattering centers and thus decrease the mean free path of charge carriers. This quantitative result also explains the strongly reduced mobility of the charge carriers that we measure for nitrogen-doped graphene compared to undoped graphene and shows that we obtain a consistent picture of the effect of doping on the charge carrier transport in graphene.
CONCLUSION
We demonstrated the significant impact of nitrogen doping on the charge transport and magnetoresistance in graphene. Samples of doped and undoped graphene are fabricated by identical CVD and transfer processes to compare the effects of the doping while keeping the fabrication identical. Charge transport measurements at variable temperature performed on undoped CVD-graphene allow us to compare the results obtained for nitrogen-doped graphene. The measurements reveal a 6-fold increase of the charge carrier density due to the doping. Furthermore, the strong temperature dependence of the resistance is reminiscent of semiconductors, and fitting with the Mott variable range hopping model shows an opened band gap through the doping process as necessary for applications.
A positive and largely temperature-independent high field MR is found for undoped graphene which is attributed to Lorentz magnetoresistance. In contrast, a negative MR is observed for doped graphene at both 2.3 and 279 K, showing a clear temperature dependence. The latter can be partly explained with a superposition of defect boundary scattering due to the induced disorder and phase coherent transport.
For low fields and low temperatures, we observe a strongly increasing negative MR for both doped and undoped graphene due to quantum transport phenomena. A fit of the observed signals with a weak localization model yields excellent agreement. The deduced transport coherence times, which are directly correlated to the amount of defect scattering centers, are orders of magnitude reduced in doped graphene compared to undoped graphene, which allows us to conclude that the dopants act as effective scattering centers.
Together, the transport properties, the MR, and the quantum transport allow us to quantify the impact of the dopant on the charge carrier transport. The doping consistently increases the charge carrier density, opens a band gap, reverses the magnetoresistance, and reduces the scattering and coherence times by ARTICLE orders of magnitude. Given the identical fabrication processes, we can attribute all these observed effects unambiguously to the additional dopants in the graphene, showing that nitrogen doping is a viable route for effectively tailoring the charge transport in doped graphene.
EXPERIMENTAL SECTION
The fabrication of all our samples has been carried out employing well-established techniques as follows. Nitrogen-doped graphene as well as undoped graphene are grown by CVD on copper foil, 26 yielding well-defined nitrogen dopants that are incorporated in the graphene lattice 17, 44 as confirmed by Raman spectroscopy. Using a standard method, 45 the graphene is then transferred to substrates consisting of p-doped Si covered by 300 nm of SiO 2 . The substrate is already prepared with contact pads for the electrical characterization, which are placed in a van der Pauw geometry. 46 The Au/Cr-pads placed at a distance of 100À800 μm are fabricated by electron beam lithography. For the transfer process, PMMA is spun onto graphene to protect it from the further treatment. Copper is etched away by iron(III) nitrate (concentration 1:20 mass parts), and the resulting solution is exchanged with ultra pure water. The residual film of graphene covered with PMMA is now transferred onto the substrate. The resulting device is dried, and the PMMA is removed by acetone. By Raman spectroscopy we analyze the defect structure and number of layers. Charge transport properties such as magnetoresistance and sheet resistance as well as charge carrier densities and mobilities are measured in a He 4 bath cryostat where uniaxial magnetic fields of up to 8 T are applied. A probe current of 20 μA has been used throughout the measurements.
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